The d i v a l e n t r a r e e a r t h ions can be chemically s t a b i l i z e d a s i m p u r i t i e s i n CaF2, SrF2, BaF2 and o t h e r crysta1s.l But i n CdF2, only E U~+ can be obtained as a s t a b l e s p e c i e s as shown by Kingsley 6; prener.* An attempt t o reduce t h e ions i n CdF2 o t h e r than E U~+ l e a d s t o t h e production of semiconducting c r y s t a l s . 3 We have found t h a t t h e photoionization energies of t h e d i v a l e n t r a r e e a r t h s i n CaF2, SrF2 and BaF2 a r e on t h e order of a few e V thus showing t h a t t h e i r chemical s t a b i l i t y i n t h e s e l a tt i c e s is not g r e a t . Furthermore, t h e photoionization leads, i n some cases t o a t r a ped exciton s t a t e which may be a model f o r t h e semiconducting s t a t e of doped CdF2. gThe p r e s e n t l y known values of t h e photoignization energies have r e c e n t l y been reviewed and compared t o a simple model.
I n t h i s model we assume t h a t t h e t h i r d i o n i z a t i o n p o t e n t i a l of t h e d i v a l e n t r a r e e a r t h atom is reduced i n t h e c r y s t a l by t h e l o c a l e l e c t r o s t a t i c f i e l d a t t h e i o n ' s s i t e and
by the e l e c t r o n a f f i n i t y of the c r y s t a l . Removal of t h e e l e c t r o n a l s o produces an e l e c t r o n i c p o l a r i z a t i o n of t h e c r y s t a l which reduces t h e energy needed. The r e s u l t is :
Here E, is t h e e l e c t r o s t a t i c p o t e n t i a l at t h e undisturbed metal i o n s i t e and AEm is t h e c o r r e c t i o n due t o t h e d i s t o r t i o n introduced by t h e impurity.
Epol is t h e pola r i z a t i o n c o r r e c t i o n and EA t h e e l e c t r o n a f f i n i t y . These q u a n t i t i e s can be determined with s u f f i c i e n t accuracy f o r a test of t h e model a g a i n s t experiment, a s noted i n t h e references 4-8.
The value of AEm is important but not w e l l known s i n c e i t is the e l e c t r o s t a t i c e f f e c t of t h e l o c a l d i s t o r t i o n due t o t h e impurity. I n t h e case of SrF2 where t h e r a d i u s of sr2+ i s nearly t h e same a s t h a t of t h e d i v a l e n t r a r e e a r t h s , t h e agreement with t h e model i s f a i r l y good a s shown i n f i g u r e 1. The t h r e e experimental c a s e s shown by an X, a r e ce2+, Tm2+ and ~b 2 + . The p o i n t s marked with a square a r e t h e f u l l y c a l c u l a t e d values from eq 1, and f o r those marked with t r i a n g l e s AEm has been omitted. The l a t t e r c o r r e c t i o n i s , t h e r e f o r e , s i g n i f i c a n t . For BaF2 and CaF2
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1985770 photoionization thresholds of d i v a l e n t r a r e e a r t h ions i n SrF2 host c r y s t a l . Squares r e p r e s e n t values c a l c u l a t e d by eq. 1, omitting EA. T r i a n g l e s repres e n t values a l s o omitting AEm. The X p o i n t s , a r e observed values: ~e 2 + , ~m~+ , yb2+.
-2 1 : : :
: : . : : . : : : I
CePrNdPmSmEuGdTbDy HoGTmYb
t h e c o r r e c t i o n s a r e m c h l a r g e r , and t h e r e is l e s s agreement with eq 1. It i s , t h e r e f o r e , an important conclusion t h a t t h e l o c a l d i s t o r t i o n has a s i g n i f i c a n t e f f e c t on t h e photoionization threshold.
The d i v a l e n t r a r e e a r t h s u s u a l l y have a ground s t a t e a r i s i n g from t h e f n conf i r a t i o n , and e x c i t e d s t a t e s which arise from t h i s and t h e fn-ld configuration. Ceg, ~d~+ and ~b~~ have ground s t a t e s from t h e l a t t e r , however. I n t h e cases of E U~+ and yb2+ t h e lowest e
x c i t e d s t a t e i n most l a t t i c e s belongs t o fn-Id, and normally s t r o n g short-lived fluorescence occurs from t h i s t o t h e f n ground s t a t e a f t e r e x c i t a t i o n i n t o any of t h e excited l e v e l s .
I n c e r t a i n c r y s t a l l a t t i c e s t h e s e i o n s emit an "anomalous luminescence". Table 1 compares s p e c t r a l p r o p e r t i e s of yb2+ i n SrFg, SrC12 and NaC1.
I n t h e f i r s t of these only a~omalous emission is observed while i n t h e others normal emission, t h e reverse of t h e l o c a l i z e d absorpt i o n process, is observed. The anomalous emission occurs from a delocalized s t a t e , a s is shown by t h e d a t a given i n f i g u r e 2. Table 1 . Peak p o s i t i o n of allowed and forbidden absorption and emission, and anomalous emission of yb2+ i n t h r e e host c r y s t a l s , i n eV. Figure 2 shows t h e absorption spectrum of s~F~: Y~~+ a t 10K and t h e corresponding photoconductivity spectrum. The l a t t e r appears t o begin a t energies w e l l below t h e f i r s t absorption band. Of course, t h e r e mst be some absorption, but i t is very weak compared t o t h e l o c a l i z e d t r a n s i t i o n giving r i s e t o t h e r e l a t i v e l y narrow a b s o r p t i o n bands.
There is a l o c a l i z e d weak forbidden t r a n s i t i o n below t h e l o c a l s t r o n g l y allowed one, whose p o s i t i o n and spectrum a r e shown i n t h e f i g u r e . C l e a r l y i t does not extend f a r enough t o t h e red t o account f o r t h e photoconductivity. The Figure 2 . s r F 2 :~b 2 + : Photoconductivity (P), a t 10K, l i n e a r s c a l e a t l e f t ; absorpt i o n (A) a t 10 K, absorbance s c a l e a t r i g h t ; forbidden absorption (A"), anomalous emission (F) a t 80K; estimated trapped e x c i t o n absorption (A") a t 80K ( s e e t e x t ) ; estimated zero phonon l i n e (0). The fluorescence spectrum shown is t h a t given by Reut, ref .lo.
emission spectrum is a l s o shown. It is an example of anomalous emission s i n c e the normal emissions would be much narrower and 'would occur j u s t t o t h e red of t h e allowed and forbidden absorption bands. and i n magnified s c a l e a t r i g h t .
We can begin t o understand f i g u r e 2 by r e f e r r i n g t o f i g u r e 3. I n t h i s f i g u r e t h e one-electron energy l e v e l diagram f o r CaF2 is shown, a f t e r t h e work of Albert, Jouanin and out^ w i t h an energy l e v e l diagram of yb2+ i n SrF2 placed s o t h a t its ground s t a t e is 3 eV below t h e edge of t h e conduction band of CaF2. (There i s no published band s t r u c t u r e c a l c u l a t i o n f o r SrF2.) The photoionization threshold l i e s near 3 eV, but a l l of the l o c a l i z e d l e v e l s l i e above 3 eV. Therefore, e
x c i t a t i o n i n t o any of the l o c a l i z e d l e v e l s leads t o t h e p o s s i b i l i t y of photoionization. Furthermore, e l e c t r o n i c r e l a x a t i o n , which normally leads t o populating the lowest excited l o c a l i z e d l e v e l followed by fluorescence w i l l lead t o a new kind of r e s u l t i n t h i s case. The e x c i t a t i o n can i n s t e a d l e a d t o an e l e c t r o n i n t h e conduction
band, i.e. yb2+ + yb3+ + e. The e l e c t r o n i n i t s lowest energy s t a t e s would occupy t h e 4s o r b i t a l s of the 12 n e a r e s t neighbor ca2+ ions i n <110> d i r e c t i o n s from the impurity. Relaxation of the i o n i c p o s i t i o n s would cause the nearest F-neighbors t o collapse toward the Yb by about 0.2 8. This type of e x c i t a t i o n could be c a l l e d an impurity-trapped exciton, s i n c e i t c o n s i s t s of a hole on t h e Yb and an e l e c t r o n i n t h e l a t t i c e .
The emission spectrum of the trapped exciton is t h e anomalous luminescence. Its red-shift compared t o t h e expected p o s i t i o n of t h e normal luminescence (Table 1 ) is due: a ) t o t h e lower energy of the conduction band r e l a t i v e t o t h e lowest local i z e d excited s t a t e s , b) t o t h e binding energy of the exciton and c) t o the
Franck-Condon f a c t o r r e s u l t i n g from the 0.2 A F s h i f t . Its band width of 3200 cm-l, f i v e times t h e normal band width, is a l s o due t o the 0.2 8 F-s h i f t . I n f i g u r e 2, the emission spectrum published by ~e u t l O i s shown. A study of the anomalous emission of yb2+ and E U~+ was done by Reut , ' O Kaplyanskii, l 1 ~e o f i l o v l and t h e i r coworkers,,but without t h e photoconductivity data, a d e f i n i t i v e i n t e r p r e t at i o n was not possible.
Other d a t a published by these workers is i n agreement with t h e present i n t e r p r e t a t i o n .
The emission l i f e t i m e was measured by Reut t o be 10 vsec a t 8 0~. l ' Mancuso measured t h e quantum y i e l d of the emission t o be 0.035 * .01. l 3 Thus t h e r a d i a t i v e l i f e t i m e is about 300 vsec, leading t o an o s c i l l a t o r s t r e n t h of 10-5. This is about
of t h e value f o r t h e allowed 4f+5d transition^.'^ I f we " r e f l e c t " the fluorescence around a point on t h e energy s c a l e i n f i g u r e 2 near 2.5 eV, we g e t a reasonable looking possible absorption spectrum a s shown i n t h e f i g u r e . This spectrum appears t o peak near t h e low energy photoconductivity peak. Its maximum e x t i n c t i o n c o e f f i c i e n t can be found from the o s c i l l a t o r s t r e n g t h and t h e band shape t o be E = 0.2 l/mole-cm.
An absorption c o e f f i c i e n t could be estimated from t h e yb2+ concentration of about 0.1 mole percent i n our sample: i t would be 0.006 cm-l, s u f f i c i e n t f o r a l a s e r fluorescence e x c i t a t i o n experiment. Indeed, we have seen i n d i c a t i o n s of t h i s weak absorption and plan t o i n v e s t i g a t e i t thoroughly.
The binding energy of t h e exciton ought t o be s i m i l a r t o t h e a c t i v a t i o n energy f o r conduction i n semiconducting CdF2. Eisenberger and pershanLS showed t h a t a l i k e l y e l e c t r o n i c s t r u c t u r e i n t h i s m a t e r i a l a t low temperatures is t o have an e l e c t r o n spread over the 12 metal ion s i t e s around t h e t r i v a l e n t impurity ion. An activat i o n energy of 0.16 eV t o f r e e the e l e c t r o n has been found f o r t h i s process by Weller. 16 Eisenberger and Pershan showed t h a t a Bohr model f o r t h e hole-electron p a i r gives a good f i r s t approximation t o the binding energy and e l e c t r o n o r b i t a l radius.
At lOOK the s t a t i c d i e l e c t r i c constant of CdF2 is 7.85, and t h a t of SrF2 i s 6.21, giving r = 4.158, Eb = 0.22 eV f o r CdF2 and r = 3.298 and Eb = 0.35 eV f o r SrF2. These numbers a r e close t o t h e values of t h e impurity-metal ion d i s t a n c e 3.80 and 4.09 r e s p e c t i v e l y , and the binding energy of 0.16 eV i n CdF2.
The only evidence t h a t t h e exciton binding energy is of t h i s magnitude i n CaF2
SrF2 and BaF2 i s given by the occurrence of anomalous luminescences i n C~F * : Y~~+ . No photoconductivity4has been detected i n t h i s system, but i t s threshold should be somewhat below 4 eV.
The zero phonon l i n e of the lowest l o c a l i z e d t r a n s i t i o n i n t h i s system is 3.28 eV. Therefore, i n order f o r the system t o r e l a x i n t o the exciton s t a t e , the photoionization threshold minus t h e binding energy would have t o f a l l below 3.28 eV. This r e q u i r e s a value on t h e order of 0.5 eV.
It i s i n t e r e s t i n g t o consider t h e conditions f o r t h e formation of t h e trapped exciton and what a r e the conditions f o r i t s occurrence. A t t h i s point, a necessary condition seems t o be t h a t t h e lowest l o c a l i z e d excited s t a t e of t h e i o n should l i e above t h e i o n i z a t i o n energy i n the c r y s t a l minus the binding energy of t h e trapped exciton. It is a l s o necessary t h a t the excited e l e c t r o n on t h e impurity ion be a b l e t o "tunnel" i n t o t h e e x c i t o n s t a t e before t h e r a p i d allowed emission process occurs.
The p r e s e n t l y known systems i n which an impurity-trapped e x c i t o n probablq forms a r e : caF2:yb2+, srF2:yb2+, BaF2:yb2+, BaF2:~u2+, cdc12:cu+, cdBr2:cu+. A l l of t h e s e impurity i o n s have f i l l e d o r h a l f -f i l l e d s h e l l ground s t a t e s , and t h e i r f i r s t e x c i t e d s t a t e s belong t o a d i f f e r e n t e l e c t r o n c o n f i g u r a t i o n from t h e ground s t a t e (i.e., f13d, f 6 d o r d9s). The c r y s t a l L a t t i c e s provide t h e n e g a t i v e p o t e n t i a l t o h e l p expel t h e e l e c t r o n , and i n t h e c a s e of Cd-compounds, a l s o provide a l a r g e e l e c t r o n a f f i n i t y t o accept t h e e l e c t r o n i n t o t h e conduction band. The extreme c a s e of t h e l a t t e r is CdF2 containing t h e r a r e e a r t h s where t h e e l e c t r o n a f f i n i t y of t h e l a t t i c e i s g r e a t e r than t h a t of t h e t r i v a l e n t impurity atom.
The impurity-trapped e x c i t o n is an i n t e r e s t i n g o b j e c t f o r study. T r a n s i t i o n s from i t t o higher p a r t s of t h e conduction band may g i v e u s e f u l information about t h e l a t t e r s i n c e t h e trapped e l e c t r o n occupies a f a i r l y l a r g e volume of t h e c r y s t a l ; and a l s o because i t w i l l have d i f f e r e n t overlap with conduction band s t a t e s than does the valence band. D i r e c t t r a n s i t i o n s from t h e impurity t o t h e e x c i t o n s t a t e w i l l give information on overlap between atoms separated by about 48, i n t h e c r y s t a l . It w i l l be i n t e r e s t i n g t o compare t h e s e overlaps w i t h t h e parameters of o t h e r e l e c t r o n t r a n s f e r systems, p a r t i c u l a r l y molecular ones.
The tunneling r a t e between l o c a l and e x c i t o n s t a t e s may be measureable, a s Chase was a b l e t o observe e l e c t r o n s p i n resonance of t h e lowest l o c a l i z e d s t a t e of E U~+ i n BaF i n s p i t e of t h e f a c t t h a t t h i s s t a t e i s decaying i n t o a trapped e x c i t o n level.38
